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Intravenously injected ['251 ]monoiodoinsulin was cleared from the plasma of prematurely delivered pups at least as rapidly as from that of 7-to 10-d-old pups, suggesting that fetal hyperinsulinemia is not a result of slow clearance of the hormone. The fetal liver bound 35% of the injected label within 3 min, and binding was saturable. The uptake of radioactivity by *the fetal kidney was nonsaturable and much lower than that of adult rat kidney.
Isolated fetal islets were already reactive to glucose on the 19th d of gestation. Pancreatic insulin secretory capacity was estimated by measuring (a) the insulin release of isolated islets incubated in the presence of 2.8 mM glucose, (b) the insulin content of the same islets, and (c) the total insulin extracted from the pancreas, using the formula (a x c)lb. 2 d before birth, the pancreatic insulin secretory capacity was high, accounting for fetal hyperinsulinemia. It was even higher after birth, not accounting for the postnatal decrease in plasma IRI concentration.
Pups delivered by caesarian section 1 d before term exhibited a brisk decrease in plasma IRI concentration when the cord was cut. By contrast, if the feto-placental unit was removed from the dam, maintaining fetal INTRODUCTION Fetal hyperinsulinism has been documented during the last days of gestation in the rat. After birth, plasma immunoreactive insulin (IRI)' concentration decreases towards values similar to those found in adult rats (1) (2) (3) . Little is known about the mechanism whereby hyperinsulinemia is brought about at the end of gestation and whereby it subsides after birth. Because plasma insulin concentration reflects the equilibrium between hormone output by the pancreatic islets and uptake by the peripheral tissues, a valid understanding of insulin metabolism requires that both parameters be concomitantly studied. In this paper we report our estimates of the rates of pancreatic insulin secretion and peripheral tissue uptake during the perinatal period, and suggest that the placenta plays a key role in fetal insulin economy.
METHODS
Pregnant rats. Female albino rats weighing 230-260 g were caged ovemight with a male so that the duration of pregnancy was known with a 12-h error.
Fetal and neonatal blood glucose and plasma IRI concentration. Blood was collected after decapitation of the pups.
Blood glucose concentration was measured by the hexokinase method and plasma IRI concentration by the double antibody I Abbreviation used in this paper: IRI, immunoreactive insulin. method (4), using a rat insulin standard (lot R171, Novo Research Industry, Copenhagen, Denmark).
Pancreatic insulin secretory capacity. The pancreas ofthe pups was rapidly removed and trimmed of extraneous tissues. One to three pancreases were homogenized in 2 ml of acid ethanol (750 ml absolute ethanol, 15 ml 12 N HCI, and 235 ml H20). The others were transferred into 2 ml of Hanks' solution, to which 1 mg ofcollagenase (Clostridium histolyticum, grade II, lot 1406317, C. F. Boehringer and Sons, Mannheim, West Germany) was added (5) . After very mild digestion at 37°C, the islets were washed three times, and the final suspension was examined with a dissecting microscope. The -fetal islets, particularly those obtained after' 19 d of gestation, were very small and best seen on a black background. They were freed of extraneous tissues by microdissection, picked with a wire loop, and transferred to Erlenmeyer flasks containing 2 ml of ice-cold incubation medium kept under a 95% 02, 5% CO2 atmosphere. The incubation medium consisted of KrebsRinger bicarbonate buffer supplemented with 10 mg/ml crystallized bovine serum albumin (Sigma Chemical Co., St. Louis, Mo.) and 2.8 or 16.7 mM glucose. Each vial received 10 islets and was incubated for 60 min at 37°C in a metabolic shaker. At the end ofthe incubation, the medium was aspirated through a Millipore filter holder (Millipore Corp., Bedford, Mass.) equipped with a nylon filter of 5-micrometer pore size which was selected because it retained cells and did not adsorb insulin. The cell-free medium was stored frozen at -20°C. 10 additional islets were directly transferred to a Potter-Elvehjem homogenizer containing 2 ml ofacid ethanol. After homogenization and extraction for 24 h at 4°C, the acid-ethanol extracts were centrifuged and the supernates stored at -20°C. After appropriate dilution of the medium or of the extracts, IRI concentration was measured. Knowing (a) the amount of insulin released by one islet, (b) the amount of insulin contained in one islet, and (c) in the pancreas, the insulin secretory, capacity of the whole pancreas was calculated according to the equation (a x c)lb.
[125I]Monoidoinsulin metabolism. Pure, carrier-free [1251] monoiodoinsulin was prepared as previously described (6) Fig. 3B ). Comparison of the two age groups allows us to conclude that the metabolic clearance rate of insulin was certainly not slower in the preterm fetuses. After Sephadex chromatography, several radioactive components were isolated (Fig. 4) Tables II and III shows that the plasma concentration of 1251-increased faster in pups than in fetuses.
As seen in Fig. 5A , a sizable portion of the radioactivity injected into preterm fetuses was rapidly bound to the liver (31% after 1 min and 37% after 3 min). By contrast, kidney radioactivity remained low (3%). When an excess of native insulin was injected together with the purified labeled hormone, the organ distribution of radioactivity was dramatically altered. Indeed, less was bound to the liver (14 vs. 37% at 3 min), and more was associated with the kidneys and the carcass. The difference between the liver radioactivity in the presence and absence of an excess of native insulin probably reflected the activity of the liver insulin receptors. By comparison, in older pups (Fig. SB) , liver radioactivity decreased more rapidly after the 3rd min, and kidney radioactivity was higher. Fig. 6 depicts the immediate postnatal variation of plasma IRI (5) 50 (9) 12 ) 40. 30.
10. placenta but the whole feto-placental unit was removed from the uterus. The pups of the last two groups were maintained at 37°C in a humidified, 02-enriched atmosphere and sacrificed after 30 min. In the pups separated from their placenta, plasma IRI concentration decreased to less than one-half of its value at birth. By contrast, when the feto-placental unit was not severed, plasma IRI concentration remained at least as high as at birth. In this group, hyperinsulinemia caused a small but significant decrease in blood glucose concentration. DISCUSSION Rat fetal B-cell reactivity to glucose is still a debated matter. Several reports in which cultured pancreatic (26) 
. _ _--~< 0.001 (26) 0 30 min FIGURE 7 Effect ofcord section on blood glucose and plasma IRI concentration of rat fetuses delivered by caesarian section 1 d before term. 40 premature pups were sacrificed at birth, 29 remained attached to their placenta (dashed lines), and 26 were separated from their placenta (solid lines). The last two groups were kept in a humidified, oxygenated, and warm atmosphere and sacrificed after 30 min. The dots and vertical bars represent the mean±1 SD. Compared with its concentration at birth, plasma IRI concentration did not significantly change in the feto-placental units and markedly decreased in the fetuses separated from their placenta (P < 0.001). A significant decrease in blood glucose concentration also occurred in the feto-placental units.
explants (7), pancreatic pieces (8, 9) , or isolated fetal (10) or neonatal (11) islets had been used supported the conclusion that glucose was not an insulinogenic agent before term. Other experiments suggested that the fetal B cells were not entirely glucose blind because phosphodiesterase inhibitors unmasked (10) or markedly enhanced (12) the secretagogue effect of glucose, and glucose alone was found capable of stimulating insulin biosynthesis (13) . As opposed to these divergent results, experiments performed in vivo clearly demonstrated that a rise in fetal plasma glucose concentration induced a rise in plasma insulin concentration (14, 15) . Discrepancies between these in vivo and in vitro results could not be satisfactorily explained except, possibly, by alterations ofthe incubated material or by differences in the neuroendocrine or metabolic environment between the two systems.
In this work, islets were isolated by very mild collagenase digestion and microdissection. This gentle method allowed us to harvest an adequate number of viable islets as early as 3 d before term. These islets proved suitable for studying the regulation of insulin and glucagon secretion (16) . In particular, on the 19th d of gestation they already exhibited a significant increase of IRI output when incubated in the presence of a high glucose concentration.
The metabolic clearance rate of insulin was estimated by injection of [125I]monoiodoinsulin into the umbilical vein of feto-placental units immediately followed by ligature of the cord. Results obtained with this experimental design do not necessarily apply to the fetus in utero because, in our experimental conditions, (a) fetal blood did not circulate through the placenta, (b) portal blood flow might be modified, and (c) plasma IRI concentration was not at a steady state.
Insulinase activity is particularly abundant in the placenta although it is not yet clearly established whether this enzyme activity is located on the fetal and(or) maternal side of the organ (17) . Our experiments, however, clearly demonstrate that the overall effect of the placenta on fetal insulin economy is not to decrease but, on the contrary, to increase plasma insulin concentration.
Postnatal closure of the ductus venosus, which links the portal vein to the inferior vena cava, prevents part of the newly secreted insulin to bypass the liver. It is doubtful that this modification of portal blood flow is of major quantitative importance with regard to pancreatic hormone metabolism. If it were so, plasma IRI and glucagon concentrations would be expected to parallel each other. Actually, the concentrations of both hormones change in opposite directions after birth (18, 19) .
Finally, as shown in Fig. 7 , cord section induced changes of plasma IRI concentration would render precise calculation of the half-life of endogenous insulin hazardous.
Despite these limitations, our results indicate that insulin was rapidly cleared from the fetal plasma, even faster than in older pups (Fig. 3) iodotyrosine deiodination. The latter hypothesis would be consistent with the known fetal liver immaturity with regard to iodotyrosine dehalogenase activity (25) . The precipitous fall in plasma IRI concentration which occurs at birth contrasts with the concomitant increase of insulin secretory capacity as estimated in vitro. This clearly indicates that, in vivo, extrapancreatic factors modulate insulin secretion. Because premature delivery induces the same variation of plasma IRI concentration as term delivery, delivery itself rather than maturation is the key event which eventually turns off insulin secretion in the newborn.
Fetal plasma corticosterone concentration increases in the immediate pre-and postnatal period (26) . This steroid has been shown to inhibit insulin secretion, the degree of islet inhibition being related to the steroid concentration in the incubation medium (27) . Stimulation of the adrenergic system has also been reported at birth (28) . Although they may be operative and contribute to a postnatal inhibition of insulin secretion, these neuroendocrine modifications are transient and unable to explain the permanent change in insulin secretion rate which occurs at birth.
An alternate hypothesis should therefore be considered. Instead of a permanent postnatal inhibition of B-cell secretion, the possibility should be examined that, in utero, during late gestation, the B cells are under the influence ofa secretagogue. Our experiments on prematurely delivered pups, connected to or severed from their placenta, strongly suggest that this B-cellstimulating factor exists and originates from the placenta. This hypothesis could also account for the findings of Portha etfal. (29) who reported that plasnma IRI concentration was higher in postmature fetuses maintained in utero by progesterone injection to the pregnant rat than in born pups ofthe same postcoital age.
If our hypothesis is correct, the metabolic status of the fetus and, in particular, glycogen storage in the liver, and growth of the insuilin-sensitive tissues, would be controlled by a "placento-insular axis." At birth, when the cord is cut, the maternal fruel supply is interrupted and the newb)orn would be in great danger of becoming hypoglycemic if the factor which maintained hyperinsulinemia were not, fortunately, removed at the same time. Later, when the pups will be nursed, fuels and signals triggering instulin secretion will be provided by the gut.
